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dendritic cell biology is increasing 
at a rapid pace. Areas of current 
interest include: the identification 
and characterization of new subsets 
of dendritic cells; advances in intra-
vital microscopy, which facilitates 
real-time observations of cDCs with 
cognate T cells; evaluation of how 
cell death influences dendritic cell 
cross-priming; understanding the 
context in which dendritic cells may 
optimally facilitate the expansion or 
differentiation of regulatory T cells; and 
further identification of endogenous 
activators responsible for dendritic cell 
maturation in the absence of PAMPs. 
These areas of research (and many 
others) hold great promise to advance 
our understanding of how dendritic 
cells orchestrate the immune response 
in health and pathology.
Further reading
Albert, M.L. (2004). Death-defying immunity: do 
apoptotic cells influence antigen processing and 
presentation? Nat. Rev. Immunol. 4, 223–231.
Callahan, M.K., Garg, M., and Srivastava, P.K. 
(2008). Heat-shock protein 90 associates with 
N-terminal extended peptides and is required 
for direct and indirect antigen presentation. 
Proc. Natl. Acad. Sci. USA 105, 1662–1667. 
Coutanceau, E., Decalf, J., Martino, A., Babon, 
A., Winter, N., Cole, S.T., Albert, M.L., and 
Demangel, C. (2007). Selective suppression 
of dendritic cell functions by Mycobacterium 
ulcerans toxin mycolactone. J. Exp. Med. 204, 
1395–1403. 
Gilliet, M., Cao, W., and Liu, Y.J. (2008). 
Plasmacytoid dendritic cells: sensing nucleic 
acids in viral infection and autoimmune 
diseases. Nat. Rev. Immunol. 8, 594–606.
Hege, K.M., Jooss, K., and Pardoll, D. (2006). 
GM-CSF gene-modifed cancer cell 
immunotherapies: of mice and men. Int. Rev. 
Immunol. 25, 321–352.
Kawai, T., and Akira, S. (2007). Signaling to NF-
kappaB by Toll-like receptors. Trends Mol. Med. 
13, 460–469.
Merad, M., Ginhoux, F., and Collin, M. (2008). Origin, 
homeostasis and function of Langerhans cells 
and other langerin-expressing dendritic cells. 
Nat. Rev Immunol. 8, 935–947.
Reis e Sousa, C. (2006). Dendritic cells in a mature 
age. Nat. Rev. Immunol. 6, 476–483.
Shortman, K., and Liu, Y.J. (2002). Mouse and 
human dendritic cell subtypes. Nat. Rev. 
Immunol. 2, 151–161.
Shortman, K., and Naik, S.H. (2007). Steady-state 
and inflammatory dendritic-cell development. 
Nat. Rev. Immunol. 7, 19–30. 
Steinman, R.M., and Cohn, Z.A. (1973). Identification 
of a novel cell type in peripheral lymphoid 
organs of mice. I. Morphology, quantitation, 
tissue distribution. J. Exp. Med. 137, 1142–1162. 
Tacken, P.J., de Vries, I.J., Torensma, R., and Figdor, 
C.G. (2007). Dendritic-cell immunotherapy: from 
ex vivo loading to in vivo targeting. Nat. Rev. 
Immunol. 7, 790–802.
Uhl, M., Kepp, O., Saklani, H., Vicencia, J.M., 
Kroemer, G. and Albert, M.L. (2009). Autophagy 
within the antigen donor cell facilitates efficient 
antigen cross-priming of virus-specific CD8+ T 
cells. Cell Death Differentiation, in press. 
Immunobiologie des Cellules Dendritiques, 
Immunology Department, Institut Pasteur, 
25 rue du Dr. Roux 75724 Paris, Cedex 15, 
France.  
*E-mail: albertm@pasteur.frA simple non-
specific chemical 
signal mediates 
defence behaviour 
in a specialised 
ant–plant 
mutualism
Bertrand Schatz1, Champlain  
Djieto-Lordon2, Laurent Dormont1, 
Jean-Marie Bessière3, Doyle McKey1 
and Rumsaïs Blatrix1
Specialist ‘plant-ants’ defend their 
ant-plant hosts from herbivores in 
exchange for rewards, including 
shelter and food [1]. Many of these 
symbiotic associations are obligate 
mutualisms, in which ant fitness 
is strongly tied to host protection. 
Protection should be enhanced 
by efficient detection of attacking 
herbivores [1–3]. How information 
about herbivore presence could be 
communicated from plant to ant 
has been little studied. In several 
systems, plant extracts have been 
shown to induce increased ant 
patrolling [2,3], but the compounds 
eliciting ant defence have never been 
identified. We have characterized 
the volatile compounds emitted by 
damaged leaves of a specialized 
ant-plant and demonstrated in field 
experiments the identity of chemicals 
that induce plant-protective 
behaviour. 
The ant Petalomyrmex phylax 
protects Leonardoxa africana 
africana against herbivores [4]. 
Young leaves are constantly 
patrolled; ants visit mature leaves 
to harvest extrafloral nectar [4]. 
Some volatile organic compounds 
(VOCs), including methyl salicylate, 
are emitted constitutively by young 
leaves but not mature leaves [2]. 
Methyl salicylate was not detected 
in 30 minute hexane washes of 
mature leaves [2], but small amounts 
were detected in 2 hour extracts, 
indicating that this compound is 
less concentrated, perhaps also 
differently distributed, in mature 
leaves. We showed that P. phylax 
exited from domatia — sites on the 
Correspondence host plant adapted to house the ants — more rapidly and in greater 
numbers when an experimentally 
damaged mature leaf was placed 
near the entrance of the domatium 
than when an untreated filter paper 
(n = 31) or an intact mature leaf 
(n = 10) was placed in the same 
position (P < 0.001 in all cases) 
(see Supplemental data available 
on-line with this issue for details). 
The host-protective behaviour 
of P. phylax is thus mediated by 
chemical signals, as would be 
expected from theory and as has 
been demonstrated in many cases 
[2,3,5]. In contrast, for Cataulacus 
mckeyi, a specific ant parasite of 
this mutualism [4], we showed that 
experimentally damaged leaves 
held at the entrance of domatia did 
not induce exit of more ants than 
did filter paper (n = 11). Moreover, 
significantly greater numbers of 
workers of the mutualist P. phylax 
exited domatia in the same situation, 
reflecting variation in the investment 
in protection in different plant-ants 
associated with the same host 
species, a phenomenon that has 
been reported in only a few other 
cases [3].
Signalling herbivore activity confers 
the greatest advantage on a plant 
when the signals reach the ants 
rapidly; selection should thus have 
favoured the production of rapidly 
diffusing compounds. We detected 
three compounds in VOC emissions 
from all experimentally damaged L. 
a. africana mature leaves: methyl 
salicylate, 2E hexen-1-ol, and hexanal. 
These common green leaf volatiles are 
known to play roles in the attraction 
to the plants that produce them of 
natural enemies of phytophagous 
insects [6]. They have also been 
reported to be present in emissions 
from damaged leaves of several Asian 
Macaranga spp. ant-plants [7].
To determine the biologically 
active compounds, we compared 
the reactions of P. phylax to different 
stimuli (filter papers impregnated with 
synthetic compounds) placed near 
domatia entrances (Figure 1). We 
found that the number of ants exiting 
domatia was significantly higher 
for methyl salicylate, 2E hexen-1-ol 
and the mix than for hexanal alone 
and control (Figure 1). There was no 
significant difference between methyl 
salicylate, 2E hexen-1-ol and the mix, 
nor between hexanal and control, 
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Figure 1. Intensity and latency of ant response when exposed to each identified VOC or to the 
mix of three VOCs (n = 10 in each case). 
Ant responses in the different tests were significantly different, in terms of both intensity and 
latency (Friedman tests, P < 0.0004 and P < 5 x 10–7, respectively). We used post-hoc tests 
for pairwise comparisons (Wilcoxon tests). Photo represents the filter paper used during 
these tests and exposed 1 cm in front of a domatium entrance, inducing the exit of P. phylax 
 workers.indicating that hexanal is not involved 
in the ant-plant communication 
signal. Hexanal may simply derive 
from the rapid degradation of 
2E hexen-1-ol [8]. Ants exited 
domatia faster when exposed to 
methyl salicylate and to the three-
compound mix than when exposed 
to 2E hexen-1-ol alone (Figure 1). 
Of the three compounds, methyl 
salicylate is thus the only one to 
induce a full ant response, and thus 
represents the communication signal 
between this ant-plant and its ant 
mutualist. Additional tests showed 
that the reaction of P. phylax was 
not significantly different between 
methyl salicylate and experimentally 
damaged leaves. The reaction of 
C. mckeyi was not different between 
methyl salicylate and control filter 
paper, confirming that this parasitic 
ant does not respond to this 
communication signal. Interestingly, 
a single signal, methyl salicylate, 
ensures the optimal allocation of both 
induced (this study) and constitutive 
indirect biotic defence [2].
While host plant location by 
founding queens must rely on a 
plant species-specific signal [9], 
induction of defence behaviour 
by workers of colonies already 
established on the host may be 
achieved through simple signals that are not plant-specific. Methyl 
salicylate is known from over 50 
plant families [10]. Its presence, 
and that of the two other VOCs, in 
a non-myrmecophytic close relative 
of L. a. africana indicates that they 
predated the origin of symbiotic 
mutualism [2]. Such observations 
help explain how ant–plant 
mutualisms have evolved many 
times independently in more than 
100 plant and 40 ant genera in the 
tropics [1]. Moreover, we elucidated 
here the chemical composition and 
the biologically active compounds 
in the communication signal of the 
studied ant–plant mutualism. Our 
results raise new questions for the 
study of chemical mediation in the 
enormous diversity of ant–plant 
protection mutualisms in tropical 
ecosystems. Comparative analyses 
using techniques of chemical and 
behavioural ecology will lead to 
new insights into the evolution of 
protection mutualisms. 
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Supplemental data are available at 
http://www.cell.com/current-biology/
supplemental/S0960-9822(09)00830-6. 
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